INTRODUCTION
There is accumulating evidence that some pathogenic bacteria regulate expression of their virulence genes in response to specific environmental signals [1] [2] [3] [4] . For example, when grown at 37 ° C, strains of Shigella flexneri, S. sonnei and S. dysenteriae invade tissue culture ceils and also produce keratoconjunctivitis in guinea pigs. The same organisms grown at 30 ° C, however, produce negative results in both assays [5] . In addition, recent studies have demonstrated that temperature and iron concentration play an important role in regulating a set of genes involved in Shiga toxin production by S. dysenteriae [6] . Since Shigella spp. are facultative anaerobes, studies of their invasiveness have generally been performed with bacteria grown under aerobic conditions. However, the biochemical reactions of shigellae, among which may be those required for pathogenicity, occur in what is close to an anaerobic environment in the colon and terminal ileum [7, 8] . Recently, Lee 
and Falkow have shown that
Salmonella grown under oxygen-limited conditions are induced for adherence and invasiveness [9] . Therefore, to determine the effects of oxygen deprivation on expression of shigellae virulence, we compared the invasiveness of S. dysenteriae CG097 and S. flexneri M90T grown under anaerobic or aerobic conditions. Our data show an increase in invasiveness of Shigella spp., when grown under anaerobic conditions, measured with the Sereny test [10] as well as with our previously described in vitro model [11] . [12] . These determinants for invasion are located on a 180-kb to 230-kb plasmid in all virulent Shigella spp. [13] .
MATERIALS AND METHODS

Bacterial strains
CG097-2 was isolated in our laboratory as an avirulent derivative of CG097 when the latter strain was grown in trypticase soy broth (TSB) for 30 generations. CG097-2 has lost a 37-kb portion of the 230-kb invasion plasmid including all known ipa genes and concomitantly has lost invasiveness [11] . Bacterial cultures were grown in RPMI 1640 medium (Gibco), brain heart infusion (BHI, Difco) or yeast tryptone (YT, Difco) broth, at 37 °C under either aerobic or anaerobic conditions. For anaerobic growth, anaerobic jars equipped with BBL anaerobic gas pack systems were used and media were boiled just prior to inoculation. Since the minimal medium M9 or intracellular salts medium (ISM) [14] produced precipitation during boiling, they were used only under aerobic conditions. Pseudomonas aeruginosa strain PA025 was used as a control for oxygen depletion. Stationary phase cultures of S. dysenteriae CG097, S. flexneri M90T and their avirulent derivatives were harvested after growth overnight (14 h) in RPMI, BHI, ISM or YT at 37 °C with shaking. These stationary phase cultures, grown aerobically or anaerobically, were diluted 50-fold in prewarmed media (RPMI, BHI, ISM or YT) and grown to log phase (2.5 h at 37 ° C) under the same conditions.
Aherence assay
In vitro invasion assays were performed by using as host either Henle 407 (ATCC CCL6) or a toxin-resistant HeLa cell derivative of ATCC CCL2 isolated in this laboratory. These cell lines were grown in tissue culture wells (Costar No. 3512) to semi-confluency (approx. 24 h) in complete medium, RPMI 1640 (1 ml/well) containing 10% fetal calf serum (FCS), gentamicin (50 #g/ml) and 0.01 M HEPES (N-2-hydroxyethylpiperazine-N-2-ethane-sulfonic acid) in the presence of 5% CO 2 at 37 °C.
Aliquots of bacterial cultures diluted in RPMI (0.5 ml) were added to monolayers without centrifugation, at a multiplicity of infection (MOI) of 20.
Incubation of monolayers with bacteria was performed in the presence of 5% CO~. At the end of the incubation period, monolayers were washed four times each time with 1 ml PBS, to remove unattached and loosely adherent bacteria. To recover the bacteria still adherent to monolayers, 1 ml of trypsin (0.25%) was added. After 10 min incubation at 37 °C (an incubation time shown to detach all Henle cells from the plastic wells), the monolayers together with the bacteria were transferred to siliconized centrifuged tubes and centrifuged at 900 xg for 5 rain to pellet the Henle or HeLa cells, leaving the bacteria in the supernatant. The pellet was washed twice with 1 ml PBS. Supernatant (0.1 ml) was plated at appropriate dilutions to compute cfu/ml of adherent bacteria dissociated from the surface of Henle cells. The efficiency of removal of adherent shigellae by trypsin treatment or Henle cells was confirmed as follows. Henle cells were grown on coverslips or plastic wells and incubated with shigellae for 60 min at an MOI of 50 or 20, respectively. The monolayers were washed four times with RPMI without FCS and incubated with 1 ml of 0.25% trypsin for 10 min. The dissociated Henle cells were sedimented onto slides using a cytocentrifuge and observed microscopically after Gram-staining. While many organisms adhered to the control monolayer not exposed to trypsin, no adherent bacteria were observed in the trypsin-treated samples. In control experiments the bacterial titer was not affected by such trypsin treatment.
Invasion assay
For invasion assays, after 1 h incubation of Henle monolayers with bacteria and four washes, cells were incubated at 37°C for 2 h in fresh RPMI medium containing gentamicin (100 /xg/ml) to kill extracellular bacteria. After washing twice, the Henle cells were lysed with 0.5% sodium deoxycholate, and the intracellular bacteria were spread with dilution on L-agar. Concomitantly, an additional 24-well plate was Giemsa-stained to calculate the percentage of infected Henle cells. The number of bacteria per cell was calculated as described by Sansonetti et al. [15] . Results represent the average of five samples. Table 1 Effects of growth conditions on adherence and internalization 233
Sereny test
Bacteria were grown in YT broth, RPMI or BHI at 37 °C under anaerobic or aerobic conditions to log phase or stationary phase. Organisms were washed and suspended in pre-warmed Hank's balanced salt solution (HBSS) at a final concentration of 109/ml. A 20-/zl aliquot of this suspension (2 x 107 bacteria), or 10-fold or 100-fold dilutions, was dropped onto the eyes of 6-week-old albino guinea pigs. One eye was infected with the virulent strain while the other eye was infected with the corresponding avirulent strain as a control. Development of keratoconjunctivitis was observed at 5-6-h intervals.
RESULTS
Kinetics of adherence and internalization
Monolayers were incubated with CG097, M90T or their avirulent derivatives for 0 min, 15 min, 30 min, 60 min, or 90 min, at which times they were a In all cases, bacterial titer was adjusted to 2X 107/ml and Henle cells grown to 1 x 106/well. Adherence was measured by trypsinization after 1 h incubation and internalization by deoxycholate lysis after an additional 2 h incubation in the presence of gentamicin 50 Izg/ml. b All values are means of triplicate measurements and are representative data from one of three experiments. c BHI medium was also used but the pattern of invasion was the same as that of RPMI. 234 washed with RPMI without FCS to remove nonadherent bacteria [11] . At 60 min incubation, the number of adherent virulent or avirulent bacteria essentially reached a plateau and the numbers of intracellular virulent organisms were over 2 logs fewer than the number of adherent bacteria. Accordingly, we chose a 60-min incubation period for measurement of adherence. Parallel wells incubated with CG097 at 4°C showed no adherence after 60 min incubation (data not shown). After the fourth wash, the monolayers were incubated with trypsin to release the Henle cells and dissociate the adherent bacteria as described in MATERIALS AND METHODS.
In vitro invasiveness of S. dysenteriae and S. flexneri under different growth conditions
We measured both adherence and invasiveness (Table 1 ) of S. dysenteriae that were grown anaerobically or aerobically, either to log phase or stationary phase in RPMI, BHI or YT. Aerobically grown cultures in ISM medium [14] show poor invasion and data obtained with BHI are similar to those of RPMI, and are not shown here. Virulent CG097 grown anaerobically in RPMI or BHI showed enhanced adherence and internalization as compared to organisms grown anaerobically in YT. Organisms grown in RPMI to log phase showed 10-20-fold greater adherence and internalization than did those grown to log phase in YT. Since we observed no Henle cells with more than 2-3 bacteria after 2 h incubation, this increase could not be due primarily to bacterial multiplication. Sansonetti et al. [15] observed a similar low level of multiplication of intracellular S. flexneri during the first 3 h of incubation in the presence of gentamicin. Furthermore, growth under optimal conditions (anaerobic growth, RPMI medium, log phase) greatly improved the contrast, in both adherence and internalization, between virulent CG097 and avirulent CG097-2 (Table 1) . Virulent S. flexneri M90T and its avirulent derivative M90T-2 followed similar patterns of invasion and are not included in Table 1 . 
Growth conditions alter the kinetics and dose required for producing keratoconjunctivitis
We extended the in vitro invasion studies to the Sereny infection model. The minimum dose of shigellae required for the production of keratoconjunctivitis within a given time measures the virulence of a strain. Accordingly, we compared the numbers of virulent S. dysenteriae CG097 and S. flexneri M90T, grown under anaerobic or aerobic condition, required to produce keratoconjunctivitis in guinea pig eyes. Each animal was also inoculated with either avirulent CG097-2 or M90T-2 as a negative control. The results are shown in Table 2 . At all inoculation doses, virulent S. dysenteriae CG097 and virulent S. flexneri M90T, grown anaerobically in RPMI, produced keratoconjunctivitis more rapidly than did the same strains grown aerobically. The effects were particularly striking at the lower inocula (2 or 20 × 10 5 organisms). Only 2× 105 organisms grown anaerobically in BHI or RPMI consistently caused conjunctival edema as early as 15 h. In experiments not shown, organisms grown anaerobically or aerobically in YT broth required longer times (40-72 h) and larger doses (108-109) to give positive Sereny tests than the respective cultures grown in RPMI. In fact, even doses as high as 10 8 organisms, grown aerobically in YT broth, frequently gave negative results. Thus, successful and rapid production of keratoconjunctivitis by shigellae apparently requires some biochemical reaction(s) induced in bacteria grown anaerobically in optimal medium (RPMI or BHI).
DISCUSSION
Our data suggest that expression of virulence in vivo and in vitro is a function of growth conditions. Virulence is optimal when shigellae are grown anaerobically to log phase in appropriate media. Subsequent to anaerobic growth, the infection events proceed efficiently under aerobic conditions either in vivo, to produce keratoconjunctivitis, or in vitro, to produce adherence and invasion of monolayers of host ceils. This scenario is not in conflict with the situation in human infections, where non-motile shigellae may 235 be passively carried across a large pO 2 gradient from the interior of the colonic lumen (pO 2 < 5 mmHg) to the luminal surface of the colonic mucosa (pO 2 85-100 mmHg) [7] .
Our data suggest that bacterial growth conditions, rather than proximity to host cells, serve as early signals for expression of some, if not all, shigellae virulence gene products. Although the contrary view was initially espoused in the case of Salmonella invasion [3] , a more recent paper from the same laboratory has reached conclusions similar to those stated here [9] . Bacteria grown aerobically in a minimal medium with ion concentrations mimicking the HeLa cell cytoplasm [14] do not show any increased adherence. Significantly, virulent S. dysenteriae or S. flexneri, grown anaerobically in RPMI (or BHI) to log phase, adhered to Henle cells in higher numbers and produced keratoconjunctivitis at the lower inocula than did the same strains grown aerobically in the same media. It seems that the putative adhesin or regulatory gene(s) or gene products are affected, directly or indirectly, by a change from aerobic to anaerobic conditions.
